The link between inflammation and diabetes was discovered more than a century ago when high doses of sodium salicylate were shown to ameliorate glycosuria (as reviewed in [@B1]). Today, it is well established that obesity is associated with increased levels of proinflammatory cytokines that lead to insulin resistance ([@B2]) and defects in fatty acid metabolism ([@B3]). Accumulation of inflamed macrophages within adipose tissue is the major source of cytokines in obesity ([@B4],[@B5]), and their activation has been linked to the Toll-like receptor (TLR) signaling family, which are known to activate proinflammatory signaling pathways. The best characterized member of this family, TLR4, binds to lipopolysaccharide (LPS) of Gram-negative bacterial cell walls and recruits the myeloid differentiation factor 88 to the Toll/interleukin (IL)-1 receptor domain of the receptor. This triggers the activation of the nuclear factor (NF)-κB pathway resulting in the expression of proinflammatory cytokines such as tumor necrosis factor (TNF)-α, IL-6, and IL-1β ([@B6],[@B7]). In obesity, alterations in gut microbial flora that increase the endotoxin (LPS) load in the intestine have been postulated as a potential mechanism leading to obesity-related inflammation, insulin resistance, and nonalcoholic fatty liver disease ([@B8],[@B9]). Alternatively, abrogation of LPS signaling in CD14 (a coreceptor of TLR4) mutant mice or reducing the content of gram-negative bacteria reduces inflammation and improves insulin resistance ([@B10]).

In addition to classical activation of the TLR signaling pathway via LPS several studies have demonstrated that saturated fatty acids such as palmitic acid also induce an inflammatory response in macrophages in part through activation of TLR signaling ([@B11],[@B12]). Importantly, in mice deficient for both TLR2 and TLR4 obesity and free fatty acid--induced inflammation and insulin resistance is markedly blunted ([@B11],[@B13]). These studies provide a compelling molecular connection for the strong correlation between inflammatory cytokines and circulating free fatty acids in obesity ([@B14]) and support findings demonstrating that the acute infusion of saturated fatty acids dramatically increases circulating TNF-α levels ([@B15],[@B16]).

The suppressor of cytokine signaling (SOCS) family of proteins (SOCS1-SOCS7 and cytokine--inducible SH-2-containing protein) are induced by proinflammatory cytokines and negatively regulate cytokine signaling ([@B17]). SOCS1 inhibits signaling by interferons ([@B18]) and by cytokines that signal through the common-γ chain receptor, such as IL-2 ([@B19]) and IL-4 ([@B20]). SOCS1 has also been shown to negatively regulate TLR4 signaling by mediating the degradation of the adaptor protein Mal ([@B21]), which is involved in the transactivation of NF-κB after TLR4 ligation. In support of these findings genetic disruption of SOCS1 results in the dramatic dysregulation of immune and inflammatory responses ([@B22],[@B23]).

Genetic polymorphisms in the promoter regions of the SOCS1 gene that influence its transcriptional activity have been described in humans ([@B24],[@B25]) and the rs33977706 (−820 G\>T) and rs243330 (−1456 G\>A) polymorphisms are associated with improved insulin sensitivity. It is noteworthy that the rs33977706 (−820 G\>T) polymorphism in the SOCS1 promoter is also associated with increased transcriptional activity. Increased SOCS1 expression associated with improved insulin sensitivity would at first seem to be at odds with the reported role of SOCS1 by us and others as a negative regulator of hepatic insulin sensitivity, effects that are mediated through downregulation and ubiquination of the insulin receptor substrate (IRS)-2 ([@B26],[@B27]). However, we have shown that the deletion of SOCS1 from myeloid and lymphoid cells in SOCS1 *LysM-Cre* mice increases inflammation ([@B23]), and we hypothesize that this may lead to insulin resistance. In the current study, we used these mice and found they develop hyperinsulinemia and hepatic insulin resistance. Furthermore, deletion of SOCS1 in macrophages increased their sensitivity to LPS and palmitic acid. Therefore, we speculate that the hypersensitivity of SOCS1-deficient macrophages to LPS and palmitic acid may be a contributing factor to the increased inflammation and dysregulation in liver insulin sensitivity observed in SOCS1 *LysM-Cre* mice.

RESEARCH DESIGN AND METHODS {#s5}
===========================

Animal experiments. {#s6}
-------------------

The animal ethics committee of St. Vincent\'s Health approved all procedures. SOCS1 *LysM-Cre* mice and their littermate controls (SOCS1^fl/fl^) have been described previously ([@B23]). All studies were performed in male mice aged 12--15 weeks of age. SOCS1^fl/−^ and SOCS1^fl/fl^ mice were generated on a C57BL/6 background, and *LysM-Cre* mice were on their 10th generation backcross to C57BL/6 before crossing to SOCS1^fl/fl^ mice. Mice were maintained with ad libitum access to food and water in micro isolators cages, under pathogen free conditions with a 12-h light/dark cycle. Blood glucose, insulin, and cytokines were measured after a 6-h fast or in randomly fed animals. Glucose tolerance tests (GTT) were performed in conscious mice after a 6-h fast. For GTTs, mice were injected with 1.0 g/kg of [D]{.smallcaps}-glucose (Sigma) in 0.9% saline i.p. and blood glucose in tail vein samples was measured at 0, 15, 30, 45, 60, 90, and 120 min using Accuchek Advantage II Glucose Strips and Advantage glucometer (Roche Diagnostics, Mannheim, Germany) as described ([@B28]).

### Euglycemic-hyperinsulinemic clamp. {#s7}

Clamps were performed in conscious mice fasted for 6 h as recently described ([@B28],[@B29]). Clamp insulin was measured by ELISA (Mercodia, Diagenics, U.K.).

Analytical methods {#s8}
------------------

### Bone marrow--derived macrophages. {#s9}

Bone marrow--derived macrophages from SOCS1 *LysM-Cre* and control littermates were prepared as follows. In brief, mononuclear phagocyte progenitor cells derived from femoral and tibial bone marrow were cultured and propagated at 1 × 10^6^ cells/mL (20 mL) in tissue-culture flasks with macrophage maintenance media consisting of L929-cell conditioned medium (containing M-CSF), 10% fetal calf serum, and RPMI 1640 medium. After day 1, cells were transferred to sterile 10-cm.

Petri dishes (10 mL/plate) and split and passaged into more Petri dishes between days 3 and 5 once they became confluent. On day 6, nonadherent cells were washed away with sterile PBS, and adherent cells were liberated with warm, Versene PBS (EDTA/PBS) and replated out at 2 × 10^6^ cells/mL in 6-well tissue-culture plates. Cells were starved of serum overnight and treated with LPS (at 0, 1, 10, 100, and 1,000 ng/mL; Sigma, St. Louis, MO) or palmitate (0, 10, 100, 250, 500, and 1,000 μmol/L; Sigma) for 4 h. The cells were then lysed in TRIzol (Invitrogen, Carlsbad, CA), and RNA was extracted for quantitative RT-PCR.

### Muscle 2-deoxy-[D]{.smallcaps}-glucose uptake. {#s10}

Glucose uptake experiments in isolated extensor digitorum longus muscles were completed as recently described ([@B30]). In brief, muscles were treated with or without 2.8 μmol/L insulin (Actrapid; Novo Nordisk, Bagsværd, Denmark), and radioactivity was measured by liquid scintillation counting (Tri-Carb 2000; Packard Instruments, Meriden, CT).

### Isolation and preparation of peritoneal macrophages for flow cytometry. {#s11}

Resident peritoneal cells were harvested from control and SOCS1 *LysM-Cre* mice by flushing the peritoneal cavity with 10 mL PBS and immediately centrifuged at 500 *g* for 5 min at 4°C. For cell sorting, the pellet was resuspended in 1 mL red blood cell lysis buffer (eBioscience, San Diego, CA) and incubated for 5 min before resuspension in PBS containing 0.5% endotoxin-free BSA at a concentration of 10^7^ cells/mL. Cells were incubated with fluorophore-conjugated antibodies or isotype control antibodies for 20 min at 4°C. Antibodies used were phycoerythrin-F4/80 (PE-F4/80) at 2.5 μg/mL, allophycocyanin-CD11b (APC-CD11b) at 1.25 μg/mL, and phycoerythrin-Cy7-CD11c (PE-Cy7-CD11c) at 5 μg/mL. All antibodies were obtained from eBioscience. After incubation, cells were washed twice in ice-cold PBS + 0.5% endotoxin-free BSA and resuspended in the same buffer supplemented with propidium iodide. F4/80+CD11b+ cells were separated from the remainder of the peritoneal cell population using a FACS Aria cell sorter (BD Biosciences, San Jose, CA) and collected in cooled sorting buffer. Cells were centrifuged at 500 *g* for 5 min at 4°C and processed for RNA extraction.

For analysis of cytokine secretion, the peritoneal lavage was enriched for CD11b+ cells using magnetic bead separation (MACS; Miltenyi Biotech). For intracellular cytokine staining, cells were plated at 5 × 10^5^/mL and incubated at 37°C + 5% CO~2~ for 12 h with BD Golgi Plug (BD Biosciences). Cells were then stained using mAbs recognizing CD11b (conjugated to fluorescein isothiocyanate or PE) and CD11c (conjugated to allophycocyanin) and then stained with fluorescein isothiocyanate-TNF or PE-IL-6 (all antibodies were from BD Pharmingen, San Diego, CA). Intracellular staining was carried out according to the manufacturer\'s specifications using the Cytofix Cytoperm Plus kit (BD Biosciences). Specificity of staining was confirmed using isotype control antibodies. All analyses were performed on a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ) using FlowJo analysis software (Treestar, Ashland, OR). For analysis of cytokine secretion, cells were incubated without Golgi plug and the supernatant was analyzed for cytokines (TNF-α, IL-6, and monocyte chemoattractant protein \[MCP-1\]) in the by Cytometric Bead Array Mouse Inflammation kit (BD Biosciences). Analysis was performed on FACSFortessa using FCAP Array Software (BD Biosciences).

### Gene expression analysis. {#s12}

Total RNA was extracted using the RNeasy mini kit (Qiagen, Valencia, CA) or TRIzol. After DNase treatment, first-strand cDNA was synthesized from template RNA using the thermoscript RT-PCR system (Invitrogen). Quantitative real time RT-PCR was then performed using Rotorgene 3000 (Corbett Research, Sydney, New South Wales, Australia) using the Assay-on-Demand gene expression kits (Applied Biosystems, Foster City, CA) as previously described ([@B3]). Relative expression levels for the genes of interest were calculated using the comparative critical threshold method after normalizing for the expression of 18S ribosomal RNA.

### Protein analysis. {#s13}

Tissue extracts were prepared, and immunoblotting lysates were resolved by SDS-PAGE, transferred to polyvinylidene fluoride membranes, and probed with primary antibodies for 2 h (Akt Ser473 and AMP-activated protein kinase \[AMPK\] T172) or overnight (Akt and AMPK-α pan) as described ([@B3]). For IRS-1 phosphorylation, lysates were immunoprecipitated with anti--IRS-1 (Upstate Biotechnology, Lake Placid, NY) and immunoblotted using the antiphosphotyrosine clone 4G10, P85 subunit of phosphatidylinositol (PI)-3-kinase or IRS-1 (Upstate Biotechnology) as described ([@B3]). Immunoblotted proteins were detected with enhanced chemiluminescence and quantified by densitometry.

### Blood analysis. {#s14}

Plasma insulin was measured by ELISA (Linco Research). Adipokines (leptin, TNF-α, resistin, t-plasminogen activator inhibitor 1 \[tPAI-1\], MCP-1) were measured with a bio-plex assay using a mouse adipokine kit (Linco Research) and manufacturer\'s recommendation. Liver enzymes were measured using an automated analyzer (Olympus AU 2700 chemistry immunoannalyzer).

### Immunohistochemistry. {#s15}

Liver tissue was collected in formalin and paraffin-embedded, or it was embedded in optimal cutting temperature compound (OCT Tissue-Tek; Sakura Fineteck, Torrance, CA) and snap-frozen. For analysis of liver morphology, 5-μm sections of formalin-fixed paraffin--embedded tissues were stained using hematoxylin and eosin. For analysis of infiltrating cell types, sequential 5-μm cryosections were acetone-fixed and stained using an avidin-biotin immunoperoxidase technique ([@B31]). Sections were stained with the following primary antibodies: F4/80 (AbD Serotec, Kidlington, Oxfordshire, U.K.); CD4, CD11c, or B220 (all from BD Pharmingen); CD8 or CD11b (both from Biolegend); followed by incubation with streptavidin DH biotinylated-horseradish peroxidase reagent (ABC Kit; VectaStain Elite; Vector Laboratories, Burlingame, CA). Sections were developed using Sigma FAST 3,3′-diaminobenzidine (Sigma) and photographed with Olympus DP Controlled (Olympus Optical).

### Statistical analyses. {#s16}

Data are presented as mean ± SEM. Data were analyzed using a Student *t* test or where appropriate a two-way ANOVA with a Bonferroni post hoc test (GraphPad PRISM, version 4.0; GraphPad Software, Inc., La Jolla, CA). *P* \< 0.05 was considered as significant.

RESULTS {#s17}
=======

Body weight, liver, and adipose tissue weight did not differ between SOCS1 *LysM-Cre* mice and control littermates ([Table 1](#T1){ref-type="table"}). SOCS1 *LysM-Cre* mice had systemic inflammation as indicated by elevated plasma TNF-α (+130%), IL-6 (+560%), tPAI-1 (46%), and MCP-1 (130%) ([Fig. 1*A*--*D*](#F1){ref-type="fig"}). Leptin levels were increased in SOCS1 *LysM-Cre* mice ([Fig. 1*E*](#F1){ref-type="fig"}) in agreement with previous studies demonstrating stimulatory effects of TNF-α on leptin production ([@B32]). Serum resistin levels were not different between control and SOCS1 *LysM-Cre* mice ([Fig. 1*F*](#F1){ref-type="fig"}).

###### 

Body weight, organ weights, and fasting glucose from SOCS1 *LysM-Cre* mice and control littermates

                              Fl/FL        SOCS1 *LysM-Cre*
  --------------------------- ------------ ------------------
  Body weight (g)             31.1 ± 1.2   27.4 ± 1.1
  Liver weight (g)            1.45 ± 0.1   1.28 ± 0.1
  Adipose tissue weight (g)   0.6 ± 0.2    0.4 ± 0.1
  Fasting glucose (mmol/L)    6.1 ± 0.3    6.9 ± 0.2

Data are means ± SEM; *n* = 12 mice per group. For fasting glucose, *P* = 0.06.

![Deletion of SOCS1 from macrophages results in systemic inflammation. Serum concentrations of TNF-α (*A*), IL-6 (*B*), MCP-1 (*C*), PAI-1 (*D*), leptin (*E*), and resistin (*F*) are shown. ▪, FL/FL control mice; •, SOCS1 *LysM-Cre* mice. Data are means ± SEM; *n* = 6.](2023fig1){#F1}

To examine whether systemic inflammation in SOCS1 *LysM-Cre* mice was derived from macrophages, we isolated peritoneal cells and sorted them by flow cytometry based on the expression of the macrophage markers CD11b and F4/80 and found that there were no differences in macrophage numbers between genotypes ([Fig. 2*A*](#F2){ref-type="fig"}). CD11c is considered to be a critical marker of macrophage activation, and we found that, consistent with the increase in serum proinflammatory cytokines, the percentage of CD11c+ macrophages was higher in SOCS1 *LysM-Cre* mice ([Fig. 2*B*](#F2){ref-type="fig"}). Using intracellular cytokine staining, we found ∼68% of SOCS1 *LysM-Cre* macrophages secreted IL-6 compared with ∼37% from littermate controls ([Fig. 2*C*](#F2){ref-type="fig"}). Likewise, ∼57% SOCS1 *LysM-Cre* macrophages secreted TNF-α compared with ∼36% from littermate controls ([Fig. 2*D*](#F2){ref-type="fig"}). We also quantitated the amount of each cytokine produced using a cytometric bead array ([Fig. 2*E*](#F2){ref-type="fig"}) and found that macrophages from SOCS1 *LysM-Cre* mice secreted more IL-6, TNF-α, and MCP-1 compared to littermate controls. Increased inflammation was also observed in SOCS1 *LysM-Cre* macrophages isolated from the spleen (data not shown). The increased activation state of macrophages from SOCS1 *LysM-Cre* mice was also confirmed via RT-quantitative PCR analysis of bone marrow--derived macrophages ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0259/-/DC1)). Collectively, these data demonstrate that macrophages from SOCS1 *LysM-Cre* mice are constitutively more activated compared with macrophages from control mice.

![Macrophages from SOCS1 *LysM-Cre* mice are constitutively activated and inflamed. Peritoneal cells were isolated and stained with antibodies against F4/80, CD11b, CD11c, or isotype controls and analyzed by flow cytometry. *A*: Number of F4/80+CD11b+ cells in wild-type and SOCS1 *LysM-Cre* mice indicated as percentage of viable peritoneal cell population. *B*: Cells were gated for F4/80+CD11b+ cells and examined for expression of CD11c. Shown is the percentage of CD11c-positive or -negative cells within the total F4/80+CD11b+ population. *A* and *B*: *Top panels* are representative plots; *bottom panels* are means ± SEM, *n* = 8 per group. White bars, FL/FL control mice; black bars, SOCS1 *LysM-Cre* mice. Representative plots of the intracellular cytokine staining to detect secretion of IL-6 (*C*) and TNF-α (*D*) in peritoneal macrophages are shown. For each, cells were gated on the CD11b+ population, and data represented in the graph are combined from two experiments and expressed as mean ± SEM; *n* = 6 per group. *E*: Quantitation of cytokine secretion by CD11b+ peritoneal macrophages from littermate control and SOCS1 *LysM-Cre* mice. Secretion of IL-6, TNF, and MCP-1 by CD11b+ peritoneal macrophages was measured by cytokine bead array. *F*: Adipose tissue expression of *Emr1, Cd68, Tnfa, Il6*, and *Il1b* in SOCS1 *LysM-Cre* and control mice. Data are shown as mean ± SEM; *n* = 8 per group. White bars, FL/FL control mice; black bars, SOCS1 *LysM-Cre* mice. For all experiments, \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 relative to control. (A high-quality color representation of this figure is available in the online issue.)](2023fig2){#F2}

Given that adipose tissue macrophages are the primary source of circulating cytokines, we also examined markers of macrophage infiltration and inflammation from this tissue. Consistent with findings in the peritoneal cavity, the expression of the macrophage markers *Emr1* (F4/80) and *Cd68* was similar in the adipose tissue of wild-type and SOCS1 *LysM-Cre* mice ([Fig. 2*F*](#F2){ref-type="fig"}). However, despite similar macrophage content, adipose tissue expression of *Tnfa*, *Il6*, and *Il1b* was increased in SOCS1 *LysM-Cre* mice ([Fig. 2*F*](#F2){ref-type="fig"}). Taken together, these data indicate that increased systemic inflammation in SOCS1 *LysM-Cre* mice is associated with constitutively activated macrophages. We also have shown previously evidence for T-cell activation in these mice ([@B23]).

Macrophages from SOCS1 *LysM-Cre* mice are hypersensitive to the inflammatory effects of LPS and saturated fatty acids. {#s18}
-----------------------------------------------------------------------------------------------------------------------

Inflammatory cytokine production after activation of TLR4 in macrophages by LPS and palmitic acid has been implicated as a potential mechanism linking inflammation to insulin resistance in obesity ([@B33]). Therefore, to test whether macrophages from SOCS1 *LysM-Cre* mice were hypersensitive to LPS and palmitate, we incubated bone marrow--derived macrophages from SOCS1 *LysM-Cre* mice and littermates with varying concentrations of these two TLR4 ligands. In the absence of the ligand, macrophage expression of *Tnfa*, *Il6*, and *Il1b* was low in control and SOCS1 *LysM-Cre* mice ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0259/-/DC1)). Both LPS and palmitic acid dose-dependently increased *Tnfa* ([Fig. 3*A* and *D*](#F3){ref-type="fig"}) and *Il6* ([Fig. 3*B* and *E*](#F3){ref-type="fig"}), an effect that was greater in macrophages from SOCS1 *LysM-Cre* mice. SOCS1 *LysM-Cre* macrophages also had increased *Il1b* mRNA in response to LPS ([Fig. 3*C*](#F3){ref-type="fig"}) but not palmitate ([Fig. 3*F*](#F3){ref-type="fig"}). TLR4 expression was not altered by genotype, LPS, or palmitate (data not shown). Overall, these data suggest that increased inflammation in SOCS1 *LysM-Cre* mice may be a result of hypersensitivity to the TLR4 ligands LPS and palmitic acid.

![SOCS1 *LysM-Cre* mice have increased sensitivity to LPS and palmitate, *Tnfa* (*A* and *D*), *Il6* (*B* and *E*), and *Il1b* (*C* and *F*) measured by RT-quantitative PCR after stimulation of bone marrow--derived macrophages from wild-type and SOCS1 *LysM-Cre* mice with increasing concentrations of LPS and palmitate, respectively. Data are means ± SEM; *n* = 3 per group. White bars, FL/FL control mice; black bars, SOCS1 *LysM-Cre* mice. \**P* \< 0.05 genotype effect relative to control.](2023fig3){#F3}

Hepatic insulin resistance in SOCS1 *LysM-Cre* mice. {#s19}
----------------------------------------------------

Fasting glucose ([Table 1](#T1){ref-type="table"}, *P* = 0.06) and insulin ([Fig. 4*A*](#F4){ref-type="fig"}) levels were higher in SOCS1 *LysM-Cre* mice, relative to littermate controls. To further investigate the perturbations in glucose homeostasis of SOCS1 *LysM-Cre* mice, intraperitoneal glucose tolerance tests were performed, and SOCS1 *LysM-Cre* mice had higher glucose levels and greater area under the curve during the intraperitoneal glucose tolerance tests ([Fig. 4*B* and *C*](#F4){ref-type="fig"}).

![Glucose intolerance in SOCS1 *LysM-Cre* mice. *A*: Hyperinsulinemia and glucose intolerance (*B* and *C*) as assessed by increased area under the curve during GTT. White bars and open white circles, FL/FL control mice; black bars and black squares, SOCS1 *LysM-Cre* mice. Data are means ± SEM; *n* = 10--12. \**P* \< 0.05 genotype effect relative to control; \*\*\**P* \< 0.001 relative to control.](2023fig4){#F4}

To assess the specific contribution of hepatic versus peripheral insulin resistance to the perturbed glucose homeostasis observed in SOCS1 *LysM-Cre* mice euglycemic-hyperinsulinemic-clamp studies were then performed. Basal glucose turnover was similar between the two groups of mice ([Supplementary Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0259/-/DC1)). The glucose infusion rate (the amount of 50% dextrose solution infused to maintain euglycemia) tended to be lower in SOCS1 *LysM-Cre* mice ([Fig. 5*A*](#F5){ref-type="fig"}, *P* = 0.09). The glucose disposal rate (a measure of predominantly skeletal muscle insulin sensitivity) was not different between groups ([Fig. 5*B*](#F5){ref-type="fig"}). However, hepatic glucose production (HGP) during the clamp was higher and was suppressed to a lesser degree in SOCS1 *LysM-Cre* mice ([Fig. 5*C* and *D*](#F5){ref-type="fig"}). These results indicate that SOCS1 *LysM-Cre* mice have hepatic insulin resistance. Consistent with the similar rates of insulin-stimulated glucose disposal measured in vivo during the clamp, glucose uptake ([Supplementary Fig. 1*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0259/-/DC1)) and Akt phosphorylation ([Supplementary Fig. 1*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0259/-/DC1)) in isolated extensor digitorum longus muscles were not different between genotypes. This was despite greater muscle inflammation as indicated by elevated *Tnfa*, *Il6*, *Il1b*, and *Emr1* ([Supplementary Fig. 1*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0259/-/DC1)). To elucidate the mechanism underlying preserved muscle insulin sensitivity, despite the presence of greater muscle inflammation, we measured skeletal muscle AMPK phosphorylation ([Supplementary Fig. 1*D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0259/-/DC1)). We found skeletal muscle AMPK phosphorylation to be preserved in SOCS1 *LysM-Cre* mice, suggesting that IL-6 may have offset the negative effects of TNF-α on these signaling pathways in skeletal muscle ([@B3],[@B46]).

![Hepatic insulin resistance in SOCS1 *LysM-Cre* mice. Glucose infusion rate (GIR) (*A*) and glucose disposal rate (GDR) (*B*). HGP (*C*) and HGP% (*D*) suppression during euglycemic clamp are shown. White bars, FL/FL control mice; black bars, SOCS1 *LysM-Cre* mice. Data are means ± SEM; *n* = 10--12. \*\*\**P* \< 0.001 relative to control.](2023fig5){#F5}

Reduced hepatic insulin signaling and increased liver inflammation in SOCS1 *LysM-Cre* mice. {#s20}
--------------------------------------------------------------------------------------------

To determine the mechanism of reduced HGP suppression observed during the clamp studies, we examined insulin signaling in the liver during the clamp. IRS-1, IRS-1--associated PI3-kinase and Akt phosphorylation were all reduced in the liver of SOCS1 *LysM-Cre* mice after the clamp ([Fig. 6*A*](#F6){ref-type="fig"}). Consistent with reduced insulin signaling and increased HGP during the clamp, the expression of *Pck1* and *G6pc* were dramatically increased in SOCS1 *LysM-Cre* mice ([Fig. 6*B*](#F6){ref-type="fig"}). Furthermore, the mRNA expression of *Socs3*, *Tnfa*, and *Il6*, as well as the macrophage markers *Emr1* and *Cd68*, were increased in the liver of SOCS1 *LysM-Cre* mice ([Fig. 6*C*](#F6){ref-type="fig"}). There was also a trend to increased *Socs1* expression, although this did not reach statistical significance. The liver inflammation in SOCS1 *LysM-Cre* mice was accompanied by an increase in inflammatory cell infiltrate ([Fig. 7](#F7){ref-type="fig"}) and liver enzymes ([Supplementary Table 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0259/-/DC1)). However, liver synthetic function was unaffected as highlighted by similar albumin and bilirubin levels in both genotypes ([Supplementary Table 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0259/-/DC1)). This suggests that liver failure was not present in SOCS1 *LysM-Cre* mice at the time of analysis despite the presence of transaminitis. Taken together, these data indicate that the elevated cytokines associated with macrophage accumulation, liver inflammation, and upregulation of SOCS proteins may lead to hepatic insulin resistance in SOCS1 *LysM-Cre* mice.

![Impaired hepatic insulin signaling in SOCS1 *LysM-Cre* mice is associated with increased liver inflammation. Reduced IRS-1 tyrosine phosphorylation, IRS-1--associated p85-subunit of PI-3 kinase, and Akt phosphorylation in liver of SOCS1 *LysM-Cre* mice (*A*) are shown. *B*: Increased expression of PEPCK and G6Pase in clamped liver as measured via RT-quantitative PCR. *C*: Increased inflammatory signaling in liver of SOCS1 *LysM-Cre* mice. Data are means ± SEM; *n* = 12 mice per group. White bars, FL/FL control mice; black bars, SOCS1 *LysM-Cre* mice. \**P* \< 0.05 and \*\**P* \< 0.01 relative to control. KO, SOCS1 *LysM-Cre*.](2023fig6){#F6}

![Increased liver inflammatory cell infiltration in SOCS1 *LysM-Cre* mice. Liver sections from SOCS1 *LysM-Cre* (*A* and *C*--*G*) and FL/FL controls (*B* and *H*--*L*) stained as follows: hematoxylin-eosin (*A* and *B*), CD11b (*C* and *H*), CD11c (*D* and *I*), CD4 (*E* and *J*), CD8 (*F* and *K*), and B220 (*G* and *L*). (A high-quality digital representation of this figure is available in the online issue.)](2023fig7){#F7}

DISCUSSION {#s21}
==========

Obesity-related insulin resistance is a multifaceted disease involving defects in multiple systems, and the subclinical release of inflammatory mediators by macrophages is one of many factors ([@B3]--[@B5]). However, the mechanisms underlying the overactivation of the innate immune system in obesity are not fully understood. In the current study, using mice that have constitutively activated macrophages (SOCS1 *LysM-Cre* mice), we demonstrate the importance of macrophage SOCS1 in maintaining hepatic insulin sensitivity. We show that SOCS1 *LysM-Cre* mice develop hepatic insulin resistance even in the absence of other factors contributing to obesity-induced insulin resistance. These findings suggest that therapies aimed at reducing SOCS1 in cells indiscriminately may increase systemic inflammation and be detrimental to insulin action.

The SOCS-1 *LysM-Cre* mouse is a model of inflammatory disease that occurs independent of changes in fat mass/obesity. In adipose tissue of obese humans and rodents, there is an increase in both the content as well as activation of adipose tissue macrophages ([@B4],[@B5],[@B13],[@B34]). Although SOCS1 *LysM-Cre* mice have dramatic increases in macrophage activation, there was no increase in adipose tissue macrophage number. These data demonstrate that inflammation in itself is not sufficient to drive adipose tissue macrophage recruitment despite increases in circulating cytokines such as MCP-1, suggesting that additional factors related to the enlarged adipocyte, such as hypoxia ([@B35]) or free fatty acids ([@B36]), are important for adipose tissue macrophage recruitment in obesity.

Mice with hematopoietic deletion of TLR4 have reduced obesity-related inflammation and insulin resistance ([@B37]). The TLR4 ligands LPS and saturated fatty acids are both elevated in obesity, and this may explain the beneficial effects of TLR4 deletion on these parameters. Although it has been recognized for over a decade that SOCS1 is an important regulator of immune and inflammatory responses ([@B22],[@B23]), more recent studies have demonstrated that the mechanisms by which SOCS1 inhibits inflammation involve downregulation of TLR4 signaling ([@B21]). In the current study, we demonstrate that SOCS1 *LysM-Cre* mice have increased CD11c+ macrophages and elevated circulating levels of inflammatory cytokines. In agreement with previous studies, we show that an important source of this increased inflammatory response is not only heightened sensitivity to LPS (current study and [@B23],[@B38]) but also to the saturated fatty acid palmitate. Future studies in SOCS1 *LysM-Cre* mice treated with antibiotics or nicotinic acid, to reduce circulating LPS and free fatty acids, respectively, are warranted to confirm the importance of the SOCS1/TLR4 pathway in vivo.

In the current study euglycemic-hyperinsulinemic clamps showed that the hyperinsulinemia and glucose intolerance of SOCS1 *LysM-Cre* mice was a result of insulin resistance in the liver. Consistent with this, we found that IRS-1 phosphorylation, IRS-1 associated p85 subunit of PI-3 kinase, and Akt phosphorylation were all reduced in the liver of SOCS1 *LysM-Cre* mice. Furthermore, this insulin resistance was associated with increased *Socs3* expression consistent with previous reports showing an essential role for SOCS3 in mediating cytokine-induced liver insulin resistance ([@B28]). The exact cause of hepatic insulin resistance in SOCS1 *LysM-Cre* mice is not known since we observed increases in both systemic and local (liver) inflammation. The observed increases in circulating cytokines such as TNF-α, IL-6, and IL-1β were higher than typically observed in obesity; however, our observed increases in liver macrophage content and activation are consistent with other rodent models of obesity ([@B28],[@B39],[@B40]). In support of the critical role of macrophages in mediating the liver insulin resistance of SOCS1 *LysM-Cre* mice, we have found that liver-specific deletion of SOCS1 does not affect serum glucose or insulin levels, glucose or insulin tolerance or hepatic insulin sensitivity as assessed by euglycemic-hyperinsulinemic clamp (N.S., S.L.F., G.R.S., and T.W.K., unpublished observations).

Our findings do pose the interesting question of why inflammation in SOCS1 *LysM-Cre* mice did not cause muscle insulin resistance. One possibility may be because of the elevated levels of IL-6 in SOCS1 *LysM-Cre* mice. Chronic elevations in IL-6 promote whole-body insulin sensitivity in lean ([@B41]) or obese mice ([@B42]). Consistent with this IL-6 increases skeletal muscle glucose disposal and fatty acid oxidation ([@B43],[@B44]), effects that may be mediated through increases in Akt and AMPK. In contrast, TNF-α--induced skeletal muscle insulin resistance in part involves suppression of skeletal muscle AMPK signaling ([@B3]). However, in the current study, we found no difference in skeletal muscle Akt ([Supplementary Fig. 1*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0259/-/DC1)) or AMPK ([Supplementary Fig. 1*D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0259/-/DC1)) phosphorylation, which may be because IL-6 had offset the negative effects of TNF-α on these signaling pathways. Although the reasons behind the tissue-specific effects of IL-6 on insulin action remain unknown, it has been speculated that low density of the signaling gp130 receptor in skeletal muscle ([@B45]), which results in reduced SOCS3 expression, may be important ([@B46]). Consistent with this, IL-6 induces SOCS3 expression by twofold in muscle but 25-fold in liver ([@B46]). Therefore, although speculative, increased IL-6 levels may have negated the detrimental effects of TNF-α on skeletal muscle insulin action in SOCS1 *LysM-Cre* mice. Future studies following IL-6 neutralization in SOCS1 *LysM-Cre* mice may help determine whether this is an important factor.

Genetic polymorphisms in the promoter regions of the SOCS1 gene that increase its transcriptional activity have been shown to associate with insulin sensitivity despite the presence of obesity and higher BMI ([@B24]). Because SOCS1 directly inhibits insulin signaling through ubiquitination of IRS-2 ([@B26],[@B27]), the finding that increased transcriptional activity of SOCS1 is associated with improved insulin sensitivity was difficult to comprehend. However, in light of our findings demonstrating the pronounced hyperinsulinemia, glucose intolerance, and hepatic insulin resistance in SOCS1 *LysM-Cre* mice, it is possible that attenuation of macrophage inflammation may be the primary mechanism by which this polymorphism, which increases SOCS1 expression, improves insulin sensitivity ([@B24]). Taken together, these data suggest that macrophage expression of SOCS1 is a critical regulator of inflammation and hepatic insulin sensitivity and that strategies aimed at increasing macrophage SOCS1 expression may be important for the treatment of insulin resistance.
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